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SUMMARY
The graphitic systems have attracted intensive attention recently due to the
discovery of graphene, a single layer of graphite. The low-energy band structure of
graphene exhibits an unusual linear dispersion relation which hosts massless Dirac
fermions and leads to intriguing electronic and optical properties. In particular,
due to the high mobility and tunability, graphene and graphitic materials have been
recognized as promising candidates for future nanoelectronics and optoelectronics.
Electron-phonon coupling (EPC) plays a significant role in electronic and opto-
electronic devices. Therefore, it is crucial to understand EPC in graphitic materials
and then manipulate it to achieve better device performance. In the first part of this
thesis, we explore EPC between Dirac-like fermions and infrared active phonons in
graphite via infrared magneto-spectroscopy. We demonstrate that the EPC can be
tuned by varying the magnetic field.
The second part of this thesis deals with magnetoplasmons in quasineutral graphene
nanoribbons. Multilayer epitaxial graphene grown on the carbon terminated sili-
con carbide surface behaves like single layer graphene. Plasmons are excited in the
nanoribbons of undoped multilayer epitaxial graphene. In a magnetic field, the cy-
clotron resonance can couple with the plasmon resonance forming the so-called upper-
hybrid mode. This mode exhibits a distinct dispersion relation, radically different




Graphene, a one-atomic thick layer of graphite, is a strictly two-dimensional material
with carbon atoms located in a honeycomb structure. It is a basic structural element
of other allotropes of carbon, including fullerenes, carbon nanotubes and graphite.
Graphene exhibits exceptionally high crystalline and electronic quality, and extraor-
dinary physical properties. Graphene prepared on a silicon substrate with a certain
thickness of SiO2 can be visualized using optical microscopy, which has enabled a
rapid increase in experimental research since 2004. An ocean of new physics and
potential applications has been revealed.
Figure 1: (a) Exfoliated monolayer graphene on 300nm-thick SiO2 on Si substrate.
(b) Contour plot of the visible contrast of graphene on SiO2 as a function of wavelength
and SiO2’s thickness. Calculated based on the method described in Ref. [1].
1
1.1 The Electronic Properties of Graphene and Graphite
1.1.1 Single Layer Graphene
Graphene is made out of carbon atoms arranged in a hexagonal structure, as shown
in Figure 2. The carbon atoms are separated by a distance a = 1.42 Å. The three











3), δ3 = a(−1, 0). (1)
And the six second-nearest neighbors are located at δ′1 = ±a1, δ′2 = ±a2, δ′3 =
±(a2 − a1). The structure can be seen as a triangular lattice with a basis of two




































) are the inequivalent corners of the Brillouin zone
and are called Dirac points. Later we will show that these Dirac points are of great
importance to the electronic properties of graphene.
In the tight-binding approach, we consider that electrons can hop to both nearest
atoms and second-nearest neighbors. Then, the Hamiltonian for electrons in graphene









σ,ibσ,j + H.c.), (4)
where ai,σ (a
†
i,σ) annihilates (creates) an electron with spin σ ( σ =↑, ↓) on site Ri
on the sublattice A. For sublattice B, we can get an equivalent equation. Here,
t ≈ 2.8 eV is the nearest-neighbor hopping energy and t′ is the next nearest-neighbor
hopping energy. The value of t′ is not well known. 0.02t ≤ t′ ≤ 0.2t is found based
2
Figure 2: Honeycomb lattice and its Brillouin zone. (a) Lattice structure of graphene.
a1 and a2 are the lattice unit vector, and δi, i = 1, 2, 3 are the nearest-neighbor
vectors. (b) Corresponding Brillouin zone. Dirac cones are at the K and K′ points.
on the ab initio calculations [14] and t′ ≈ 0.1 eV is extracted from the tight-binding
fit to cyclotron resonance in experiments [15]. The energy bands derived from this
Hamiltonian have the form [16]
E±(k) = ±t
√
3 + f(k)− t′f(k),
f(k) = 2 cos(
√









where the plus and minus signs apply to the conduction band (upper, π∗) and the
valence band (lower, π), respectively. Close to the Dirac points (K or K′), we can
approximate t′ equals zero in the long wavelength limit. Then the graphene band
dispersion at K, for instance, can be simplified. Let k = K + q with |q|  K, the
dispersion can be written as [13, 14, 17, 18, 19]
E±(q) ≈ ±vF |q|+ O[(q/K)2], (6)
where q is the momentum with respect to the Dirac point K and vF = 3ta/2 ' 1×106
m/s is the Fermi velocity. What is most surprising is that the Fermi velocity in Eq.
6 is independent of energy or momentum. In the usual case, v = k/m =
√
2E/m
changes with energy. If we take t′ into consideration, the dispersion near the Dirac
3
points can be written as












Therefore, t′ shifts the position of the Dirac point in energy and breaks the electron-
hole symmetry leading to asymmetric π and π∗ bands as shown in Figure 3 (a).
Figure 3: Calculated electronic dispersion of graphene using Eq. 5. E is in units of
t. (a) Energy spectrum in units of t, with a = 1.42 Å and t′ = −0.1t. The plane is
located at E = 0. (b) Energy spectrum with t′ = 0. The energy bands close to the
Dirac points are linear.
The most important aspect of graphene’s energy dispersion is its linear energy
momentum relationship close to Dirac points as indicated in Eq. 6. The conductance
band and the valence band intersect at q = 0. The Dirac cones for electrons and holes
touch each other with no energy gap. Graphene is thus a zero band-gap semiconductor
with a linear, rather than quadratic, low-energy dispersion for both electrons and
holes.
4







where Nc is the number of unit cells. According to Eq. 9, we expand the Fourier sum
around K and K′ and get an approximate representation of the field an as a sum of
two new fields,
an ' e−iK·Rna1,n + e−iK
′·Rna2,n,
bn ' e−iK·Rnb1,n + e−iK
′·Rnb2,n,
(10)
where i = 1, 2 refer to the K and K′ points, respectively. The new fields ai,n and
bi,n, are assumed to vary slowly over the unit cell. Using Eq. 10 in the tight-binding
































































where σ = (σx, σy), σ




i ) (i = 1, 2).
Apparently, Eq. 11 is made of two massless Dirac-like Hamiltonians, one is for p
around K and the other for p around K′. The two-component electron wave function
ψ(r) close to the K point obeys the 2D Dirac equation,
−ivFσ· ∇ψ(r) = Eψ(r). (12)
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for HK = vFσ·k, where the ± signs correspond to the eigenenergies E = ±vF q for
the conduction π∗ band and valence π band, respectively. θq is defined by Eq. 8. The









for HK′ = vFσ
∗·k. The wave functions at K and K′ are related by time-reversal
symmetry. Also the sign of the wave functions will change when the phase θ is
rotated by 2π indicating that the Berry’s phase is π [21], which is the characteristic
of spinors. The helicity is defined as the projection of the momentum operator along


















Therefore, electrons have a positive helicity while holes have a negative helicity. Eq.
16 indicates that σ has two eigenvalues either in the direction ↑ or in the direction ↓.
This property shows that the states of the system close to the Dirac point have well
defined chirality or helicity.
1.1.2 Bilayer Graphene
Unlike the monolayer graphene with conduction band and valence band touching at
Dirac points, the bilayer graphene has the energy gap open with external electric field.
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The tight-binding model can be extended to study the electronic structure of bilayer
graphene [22]. The crystal structure of bilayer graphene with AB stacking is shown
in Figure 4. The tight-binding Hamiltonian for bilayer graphene can be written as
Figure 4: Lattice structure of bilayer graphene with various hopping energies. The A
atoms are over each other while the B atoms are displaced with respect to each other.





















where am,i,σ (bm,i,σ) annihilates an electron with spin σ on sublattice A (B). m = 1, 2
represent the different graphite layers at site Ri. As shown in Figure 4, γ0 = t is the
in-plane hopping energy. γ1 = t⊥ ≈ 0.4 eV, γ3 ≈ 0.3 eV, and γ4 ≈ 0.04 eV correspond
to the hopping energies between atom A1 and atom A2, B1 and B2, A1 (A2) and B2
(A2), respectively [23, 24].
In the continuum limit, by expanding the momentum k around the K point, the
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with γ4 = 0. k = kx + iky is a complex number. V is half the shift in electrochemical










is a four-component spinor.
If V = 0 and γ3, vFk  γ1, the Hamiltonian can be simplified to
H =
 0 v2Fk2/γ1 + 3γ3ak∗
v2F (k
∗)2/γ1 + 3γ3ak 0
 . (21)
If γ3 = 0, two parabolic bands, Ek,± ≈ ±v2Fk2/t⊥, will derive from Eq. 21. These two
bands will touch each other at E = 0 as shown Figure 5 (a). If V 6= 0, the equivalence









2 + t4⊥/4. (22)
As we can see in Figure 5 (b), an energy gap is opened close to the K point. For
V  t and small k, Eq. 22 can be simplified to
E+,k ≈ V − 2V v2Fk2/t⊥ + v4Fk4/2t2⊥V,
E−,k ≈ −V + 2V v2Fk2/t⊥ − v4Fk4/2t2⊥V.
(23)
The energy gap is at k2 ≈ 2V 2/v2F . Therefore, the position depends on the bias V
and can be measured experimentally [22, 25, 26, 27]. The presence of an energy gap
makes the bilayer graphene suited for practical application.
8
Figure 5: Calculated band structure of bilayer graphene using Eq. 22 with vF =
106 m/s and t⊥ = 0.4 eV. (a) Band structure of bilayer graphene for V = γ3 = 0. (b)
Band structure of bilayer graphene for V = 0.05 eV and γ3 = 0.
1.1.3 Bulk Graphite
Graphite consists of graphene layers coupled by the van der Waals force. As we can
see in Figure 6 (a), every other graphene layer is shifted in the horizontal plane,
which is known as AB stacking. The spacing between the nearest neighbors in the
same layer is a0 = 1.42 Å. The layers are separated by c0 = 3.37 Å. Figure 6 (b)
shows the Brillouin zone in momentum space. The electronic band dispersion of
graphite was calculated by Wallace and others (Slonczewski, Weiss, and McClure)
[16, 17, 18] in 40s and 50s with the tight-binding approach. This model is known as
Slonczewski-Weiss-McClure (SWMc) band theory and has been used to understand
graphitic materials ever since its establishment. If we only keep the first nonvanishing
kz-dependent term, the Hamiltonian for electrons in graphite can be written as
H =

E1 0 H13 H
∗
13








Figure 6: (a) Crystal structure of bulk graphite. The graphene layers are stacked
in AB order. γi (i = 1, ..., 5) defines the hopping energy. (b) Brillouin zone of bulk
graphite.
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(E1 + E3)± [
1
4




(E2 + E3)± [
1
4
(E2 − E3)2 + γ20σ2]1/2.
(26)
The dependence of E on σ is called “hyperbolic” by Slonczewski and Weiss [18]
compared to the more familiar “arabolic” dependence. If we include γ3 and γ4, we
can not get an analytical solution for all k. However, for certain planes in k space
where α = 1
3




(E2 +E3−γ3Γσ cos 3α)± [
1
4
(E2−E3 +γ3Γσ cos 3α)2 +(γ0 +γ4Γ)2σ2]1/2. (27)
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In the case that E1 and E2 are well separated from E3, by the perturbation theory,
we find
E = E3 + Aσ



























As we can see, the tight-binding parameters γi play a key role in the SWMc model.
The physical representations and estimated values of these parameters have been illus-
trated and organized by Dresselhaus et al. [28] and Zhang et al. [29]. Recently, these
parameters excluding γ3 have been measured using the high-field magnetoreflectance
on graphite [4].
1.2 Magnetic Field Effect
In the case that a strong external magnetic field is applied, the cyclotron orbits of
carriers in materials will be quantized, leading to the quantized energy levels En which







where e is the electron charge, and ~ is Planck’s constant.
1.2.1 Landau levels in Monolayer Graphene
The Landau levels of massless Dirac fermions in monolayer graphene read [30, 31, 32]
En = sgn(n)vF
√
2e~B|n|, n = 0,±1,±2, ... (31)
where vF is the Fermi velocity, and the integer n represents an electron-like (n > 0)
or a hole-like (n < 0) index. What is most interesting is the appearance of an n = 0
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Landau level at the Dirac point due to the exceptional band structure of the graphene.
The n = 0 Landau level leads to unusual quantum Hall effect of which experimental
evidence was first reported in 2005 by two different groups, one led by Andre Geim
and the other led by Philip Kim [21, 33]. The discovery is recognized as a major
milestone in the experimental and theoretical study of graphene.
Another interesting fact of the Landau levels is that the energy spectrum has a
√
B dependence different from linear B dependence in conventional two-dimensional
electron systems as shown in Figure 7. The transitions between Landau levels give rise
Figure 7: Numerically calculated Landau levels of monolayer graphene as a function
of magnetic field. Here, e = 1.6× 10−19C, ~ = 1.05× 10−34 J · s, and vF = 106 m/s.














Here, m∗ is the effective mass of the carriers. This
√
B dispersion of transitions
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between Landau levels has been observed experimentally in infrared transmission
spectroscopy as shown in Figure 8 [2, 15, 35, 36, 37, 38, 39].
Figure 8: Transitions between Landau levels in monolayer graphene. (a) Relative
transmission spectrum at 0.4 T and 1.9 K shows four transitions. (b) The observed
transitions plotted as a function of B. The solid symbols are data obtained from
the measurement and the dashed lines represent the best fits with Fermi velocity
vF = 1.03× 106m/s. Reprinted from Ref.[2].
1.2.2 Bilayer Graphene and Graphite




[(2|n|+ 1)∆2 + γ21 ±
√
γ41 + 2(2|n|+ 1)∆2γ21 + ∆4]1/2. (34)




which is equal to the Landau level energy En=±1 of monolayer graphene. “±” corre-
spond to the higher and lower subbands in the zero magnetic field, respectively. The
index n = ±1,±2, ... describes a set of Landau levels. B represents the magnetic field.
In each subband (lower or higher), the LLs are fourfold degenerate due to the spin
and valley degeneracies. The unusual n = 0 LL is eightfold degenerate. If γ1 = 0,
Eq. 34 will give the LL energies of monolayer graphene.
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Figure 9 shows the numerically calculated Landau levels as a function of magnetic
field in bilayer graphene. Measurement of cyclotron resonance in bilayer graphene has
Figure 9: Landau levels in the bilayer graphene as a function of the magnetic field
using Eq. 34. Here, e = 1.6×10−19C, ~ = 1.05×10−34 J · s, vF = 106m/s, and t = 0.4
eV.
also been reported [3, 5]. Figure 10 shows the infrared transmission spectra of bilayer
graphene. The transitions between Landau levels are evidenced in the measurement
[3].






























eB and ν = γ4Γ
γ0
. a0 = 2.42 Å is the lattice parameters of graphite.
E1, E2, and E3 are the same as defined in Eq. 25. Figure 11 shows numerically
calculated LLs of graphite as a function of kz along the K-H direction.
The Landau levels in bilayer graphene and graphite are calculated based on the
simple nearest-neighbor tight-binding model. Because graphite consists of graphene
layers, we can find some connections between Landau levels of graphite and those of
14
Figure 10: Normalized infrared transmission spectra of bilayer graphene. The reso-
nance dips are due to the intraband transitions. Picture adapted from [3].
Figure 11: Numerically calculated LLs in graphite at B = 20 T as a function of
kz. Here, γ0 = 2.88 eV, γ1 = 0.38 eV, γ2 = −0.02 eV, γ3 = 0, γ4 = 0.072 eV,
γ5 = 0.028 eV, and ∆ = 0.0075 eV [4].
graphene. At the K point of the graphite Brillouin zone, the subbands of graphite
are equivalent to those of the bilayer graphene with the interlayer coupling energy
15




[(2|n|+ 1)∆2 + (2γ1)2
±
√
(2γ1)4 + 2(2|n|+ 1)∆2(2γ1)2 + ∆4]1/2.
(37)
Eq. 37 indicates linear-in-B dependence of Landau levels in the low energy regime,
En  2γ1. At the H point of the graphite Brillouin zone, the spectrum corresponds
to the Dirac fermions [45] due to the effectively vanishing interlayer coupling which
leads to the same expression as Eq. 31. Figure 12 exhibits an infrared transmission
study of thin flakes of graphite in magnetic fields up to B = 34 T. Two series of
Landau-level transitions are both evidenced. One series scales as
√
B resulting from
massless holes at the H point while the other one scales as B corresponding to the
transitions of massive electrons in the vicinity of the K point [5].
Figure 12: (a) Landau-level transitions related to the H point as a function of
√
B.
The solid and dashed lines represent expected results calculated using Eq. 31 with
vF = 1.02×106 m/s. (b) Landau-level transitions related to the K point as a function
of B. The solid lines show expected dipole-allowed transitions calculated using Eq. 37
with γ0 = 3.2 eV and γ1 = 0.375 eV. Grey data points were taken on highly oriented
pyrolytic graphite, which exhibit a behavior nearly identical to natural graphite. The
inset schematically shows the observed interband transitions in the effective bilayer.
Reprinted from Ref. [5].
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1.3 Outline of the Thesis
This thesis presents the infrared magneto-spectroscopy study of graphite and graphene
nanoribbons. Chapter 2 will introduce the experimental techniques employed in this
work, including Fourier transform infrared spectroscopy, sample fabrication meth-
ods, and sample characterization. Chapter 3 will focus on the infrared magneno-
spectroscopy measurement on ultrathin graphite flakes. The electron-phonon coupling
in graphite is discussed. Chapter 4 will present the infrared magneto-spectroscopy
measurement on graphene nanoribbon array. The upper hybrid mode due to coupling




2.1 Fourier Transform Infrared Spectroscopy
2.1.1 Introduction
The infrared (IR) spectral range is from 12800 cm−1 to 10 cm−1. It was discovered
back in the 19th century by astronomer William Herschel [46]. Since then, scientists
have tried various ways to make use of infrared light. Infrared spectroscopy realized by
spectrometers has been used in materials analysis for over 70 years. It can result in a
positive identification of different materials. The Fourier Transform Infrared (FTIR)
spectrometer is the latest generation. Compared to the previous infrared spectrom-
eters, FTIR spectrometers have several prominent advantages: (1) It can increase
sensitivity - scans can be co-added together to ratio out random noise. Therefore, the
signal-to-noise ratio of the spectrum is extremely high. (2) It can increase the speed
- one scan over all frequencies per second. (3) The resolution is extremely high (0.1
∼ 0.005 cm−1). (4) The accuracy of wavenumber is high with the error in the range
of ± 0.01 cm−1.
A common FTIR spectrometer consists of an infrared light source (mercury lamp,
for example), interferometer, sample compartment, detector, and a computer. Figure
13 shows the block diagram of an FTIR spectrometer. The radiation generated by
the light source passes through the aperture which controls the amount of energy
presented to the sample. The infrared light enters the interferometer and the inter-
ferogram signal is output. Then the beam enters the sample compartment where it
is transmitted through or reflected off of the sample. Specific frequencies of energy
are absorbed, giving rise to the uniquely characteristic spectrum of the sample. The
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beam finally reaches the detector which is used to measure the interferogram signal.
The measured signal is sent to the computer and Fourier transformed to a spectrum.
Figure 13: The block diagram of an FTIR spectrometer
A key component of an FTIR spectrometer is the interferometer as shown in
Figure 14. Most interferometers employ a beamsplitter. The beamsplitter divides
the incoming infrared beam into two. One beam is reflected by a flat mirror fixed
in place and the other beam is reflected by a movable flat mirror which can move
away from the beamsplitter. The two beams reflected by their respected mirror are
recombined at the beamsplitter. Because the path that one beam travels is fixed
and the other is changing as the mirror moves, the two beams will interfere with
each other producing the so-called interferogram. The interferogram is a plot of the
intensity of signal as a function of optical path difference p and it is in the space
domain. A Fourier transform converts the interferogram to an infrared spectrum in
the wavenumber domain as shown in Figure 15.
The Fourier transform infrared technique has brought significant practical ad-
vantages to infrared spectroscopy. The measurements made by FTIR are extremely
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Figure 14: Schematic of an interferometer. The beam is split into two by the beam-
splitter. Two beams travel a distance x1 and x2 when they are recombined, respec-
tively.
accurate and reproducible making it a very reliable technique [47, 48, 49]. Fourier
transform infrared spectroscopy is a powerful technique for the investigation of the
low-lying energy excitations in materials. When combined with a magnetic field,
it can be employed to study the cyclotron resonance and Landau level transitions
[35, 50].
2.1.2 Simplified Math Description
Let the infrared light travel in the x direction. The amplitude of the wave can be
written as
E(x, k) = E0(k)e
i(ωt−2πkx), (38)
where k is the wavenumber and E0(k) is the maximum amplitude of the beam at
x = 0. The amplitude of the beam is divided at the beam splitter and two beams
are produced. Let x1 and x2 be the distance traveled by the beams when they
recombine. As we can see from Figure 14, each beam undergoes one reflection and
one transmission at the beam splitter. Let r and t be the reflection and transmission
coefficients of the beam splitter, respectively. Then, the amplitude of the recombined
20
wave Ec is given by





By definition, the intensity of the recombined wave can be expressed as
I(p, k) = Ec(x1, x2, k)E
∗











where I(k) = 2E20(k)|rt|2 and p = x1 − x2 is the optical path difference. The total




I(k) cos(2πkp) dk. (41)
Ic(p) − I(∞) is the measured interferogram recorded at the detector. A Fourier








The Fourier transform is performed by the computer converting the space domain to
the wavenumber domain [51].




The infrared magneto-spectroscopy measurement was performed at National High
Magnetic Field Laboratory (Tallahassee, FL). Figure 16 (a) shows our typical exper-
imental setup with a superconducting magnet. A commercial Bruker 113v is used
Figure 16: (a) Layout of the experimental setup. (b) Parabolic cone: the surface
is coated with a thin layer of gold for better reflection. (c) Constant DC voltage is
applied to the silicon bolometer while the current is measured.
as the FTIR spectrometer. The infrared light is delivered to the sample via a vac-
uum pipeline. The pipeline is pumped down to 1 mTorr to reduce the noise in the
spectrum introduced by the absorption of air. Clean power-supply, clean ground,
and vibration suppression are also necessary to decrease the noise level. A homemade
parabolic cone coated with gold is placed right above the sample (Figure 16 (b)). This
parabolic cone can focus the incoming parallel infrared light to one point. Because
the sample is smaller than the diameter of the infrared beam, placing the sample at
the focus point of the parabolic cone will allow most of the light to pass through
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the sample so that we can get as strong signal as possible. The transmitted light is
detected by a silicon bolometer after passing through the sample (Figure 16 (c)). The
sample and bolometer are placed at the center of the magnet. The cryostat is filled
with liquid He4 and the temperature is kept at 4.2 K. The magnetic field is applied
perpendicular to the surface of the sample and can go up to 35 T (resistive magnet).
The detector used in our FTIR measurement is a silicon bolometer. The resistance
varies dramatically with the temperature. The bolometer at room temperature is very
conductive while at ∼ 4.2 K its resistance is more than 10 MΩ. The infrared radiation
is popularly known as “heating source” because of its strong heating effect. Therefore,
the temperature of the bolometer changes with the intensity of the infrared light
leading to the resistance variation. By monitoring the resistance, we get information
about the intensity of the infrared light. We apply a constant DC voltage across
the bolometer and measure the current (Figure 16 (c)) which corresponds to the
intensity of the infrared light passing the sample. Finally, the measured interferogram
is converted to a spectrum via Fourier transform.
2.2 Graphene Nanoribbon Array Fabrication
2.2.1 Electron-beam Lithography
Electron-beam Lithography (EBL) can draw custom shapes and has very high resolu-
tion. The JEOL JBX-9300FS EBL system is used for the patterning, which has
a large writing field (500 µm × 500 µm) with sub-10nm resolution. As shown
in Figure 17 (a), we can write even larger patterns with the assistant of GenIsys
Layout BEAMER, which is a powerful application. The EBL process contains sev-
eral steps, including coating resist, baking, exposure, and development. Each step is
essential for the final result. As shown in Figure 18, Hydrogen Silsesquioxane (HSQ,
Dow Corning) of 2% concentration is spin-coated on the multilayer epitaxial graphene
grown on the C-face of SiC. The acceleration rate is 2000 r/s and the final speed is
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4000 rpm. We run at this speed for 60 seconds. The thickness of HSQ resist is
about 353 Å after baked at 180 ◦C for 5 minutes on the hotplate. Then the sample
is loaded into the EBL system immediately in order to produce a good result. The
beam current of JEOL JBX-9300FS is constant with the value of 2 nA. The best
dosage is 900 µC/cm2 for the ribbon patterning on a SiC substrate. After exposure,
the sample is developed in MF-319 developer (Microposit) for 70 seconds. HSQ is
a negative resist which means the resist exposed to the electron-beam will remain
and that not exposed to the electron-beam will be washed away by the developer. In
addition, HSQ exposed to the electron-beam can not be etched by oxygen plasma at
all. Therefore, it is a perfect mask for our work. At the end, the sample is rinsed in
deionized (DI) water for 30 seconds and then blown dry very gently using nitrogen
to remove the residue.
Figure 17: SEM image of epitaxial graphene ribbon array. (a) The size of the array
is 2 mm× 2 mm. (b) Zoomed-in view of (a). The width of ribbon is 100 nm with 100
nm spacing.
2.2.2 Oxygen Plasma Etching
The pattern of HSQ on top of the graphene serves as a mask when the sample is etched
by oxygen plasma. The oxygen plasma etching is performed using the Plasma-Therm
RIE (reactive-ion etching) system with recipe ZSO SIC1. Running the recipe for
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30 seconds is sufficient to etch 10-layer graphene which is confirmed by our Raman
measurement. Actually, the etching time is doubled in our process to ensure the
graphene exposed to plasma is removed completely. The HSQ is removed by being
rinsed in Buffered oxide etch 6:1 (BOE, J.T.Baker) for 30 seconds then rinsed in
DI water for 60 seconds. Now, we get the graphene nanoribbon array on the SiC
substrate.
Figure 18: Graphene nanoribbon array fabrication process.
2.2.3 High Vacuum Annealing
Si-H bonds of HSQ can be broken by the electron-beam generating the hydrogen atom-
s [52]. The generated hydrogen atoms can form sp3 C-H bonds with the graphene.
These bonds, to some extent, lower the quality of our samples in the infrared transmis-
sion measurement leading to a weaker strength of the cyclotron resonance absorption.
However, it has been proven that this process is reversible by thermal annealing at
high temperature [53]. Our sample is annealed at 600 ◦C for 2 hours in high vacuum
(< 5× 10−5 mTorr) achieved by a turbo pump (Pfeiffer TC 110). The temperature is
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increased to 300 ◦C with a ramping rate of 10 ◦C/minute and then increased to 600 ◦C
at 5 ◦C/minute. 2 hours later, the furnace is shut down and the temperature drops to
the room temperature slowly. The turbo pump is running during the whole process.
2.3 Sample Characterization
Scanning Electron Microscopy (SEM) is a powerful technique for imaging. The Zeiss
Ultra60 FE-SEM is used to examine the quality of the graphene nanoribbon array.
Because the SiC substrate we use is insulating, low voltage mode is selected with a
typical voltage of 2 kV. The working distance is 5 mm. Figure 19 shows the SEM
images of the samples. Atomic force microscopy (AFM, Park System XE-100) is also
Figure 19: SEM image of epitaxial graphene nanoribbon arrays. (a) Four arrays
on the substrate. Each array is 400µm by 40µm and the spacing between arrays is
100µm. (b) 50 nm wide ribbons with 100 nm spacing. (c) 100 nm wide ribbons with
100 nm spacing. (d) 200 nm wide ribbons with 200 nm spacing.
employed to image the samples as shown in Figure 20. Non-contact mode is used to
26
protect the sample. Compared to SEM, AFM is more accurate with a resolution in
the sub-nanometer range. In addition, it can measure the thickness of the sample.
Figure 20: AFM image of epitaxial graphene nanoribbon arrays. (a) The width of
ribbon is 200 nm with 200 nm spacing. The bottom panel shows the line profile.
The pair of red arrows measures the width and the pair of green arrows gives the
thickness of the ribbon. The thickness of multilayer epitaxial graphene is ∼ 148.9 Å
corresponding to ∼ 44 graphene layers. (b) 3D view of the ribbons.
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CHAPTER III
TUNING ELECTRON-PHONON COUPLING IN
GRAPHITE VIA MAGNETIC FIELD
3.1 Introduction to Magnetophonon Resonance in Graphene
and Graphite
In solids, electron interact with the motion of the lattice and sometime can be scat-
tered into a different state. The electron-phonon coupling (EPC) is an important
issue in solid state physics because it plays a key role in many phenomena [54].
Ballistic transport, superconductivity, excited state dynamics, Raman spectra and
phonon dispersions all fundamentally depend on it [55]. Optical spectroscopy is one
of the techniques used to investigate EPC, including Raman spectroscopy, infrared
spectroscopy, and angle-resolved photoelectron spectroscopy (ARPES) [56].
An external magnetic field applied perpendicular to graphene gives rise to dis-
crete Landau levels. The optical phonon energy may coincide with the energy of
one of the inter-Landau-level transitions, leading to the magnetophonon resonance.
EPC in graphene and graphite has been extensively studied via Raman spectroscopy
[6, 57, 58]. Figure 21 shows the magnetic field evolution of the Raman scattering
response of the E2g phonon in multilayer epitaxial graphene in fields up to 33 T. A
pronounced avoided crossing behavior of the phonon energy is observed each time
the inter-Landau-level transition is tuned in resonance with the phonon energy. The
experimental results are interpreted well by the theoretical models of electron-phonon
coupling in graphene. In graphene, optical phonons are represented by the relative
displacement of two sub-lattice atoms A and B. The Hamiltonian for phonons and
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Figure 21: (a) Color map of the magneto-oscillatory component of Raman scattering
spectra of E2g band phonons as a function of magnetic field measured at T = 4.2 K.
The extracted peak position is shown with full dots. The size is proportional to
the line amplitude. Solid lines Tk represent the energies of the inter-Landau-level
transitions: L−k,(−k−1) → Lk+1,(k), which couple to E2g phonon. (b) Zoomed-in view
of the 0 to 10 T range of the magnetic fields. Reprinted from Ref. [6].


















where N is the number of unit cells, m is the mass of a carbon atom, ω is the phonon
energy at the Γ point, q = (qx, qy) is the wave vector, and µ denotes the mode (t
for transverse and l for longitudinal). b†q,µ and bq,µ are the creation and destruction
29
operators of a phonon with polarization eq,µ, respectively. The constant g charac-
terizes the electron-phonon coupling [62]. σ = (σx, σy) are the Pauli matrices. The
dressed phonon propagator corresponding to the Hamiltonian in Eq. 43 is obtained
by solving Dyson’s equation. The pole of this propagator gives the coupled mode
frequencies,















where nF stands for the number of the highest fully occupied Landau level, gA is the ef-












n) represents the energy of inter-Landau-level transitions (cyclotron resonance).
The strongest effect of the electron-phonon coupling occurs when ω coincides with








(Ωn + ω0)2 + gA(n)2,









where “±” represents the lower and higher mode. Figure 22 shows the peak positions
and line width of magnetophonon resonance extracted from Figure 21. The solid red
lines represent the best fit using Eq. 44. This model can be used to explain the
magnetophonon resonance in graphene [6, 57] and also the phenomena occurring in
graphite [58, 63].
The electron-phonon coupling in graphene and graphite has been studied for many
years. Understanding EPC in graphitic materials is of fundamental interest, while
tuning EPC is technologically important for the development of carbon-based nano-
electronics. The EPC can be tuned by electric and magnetic fields, through Fermi-
energy shifting and Landau quantization. In this chapter, we explore the magnetic-
field tunable EPC in graphite via infrared spectroscopy.
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Figure 22: Magnetic field evolution of the peak position (upper part) and the
linewidth of the magneto-oscillatory component of the measured E2g Raman band.
Solid red lines show the best fit using Eq. 44. Reprinted from Ref. [6].
3.2 Experiments and Discussion
3.2.1 Experimental Method
To study the transmission spectra of graphite, we use ultrathin graphite flakes in
order for there to be sufficient light transmission. Following the method to create
exfoliated graphene [33, 21], we prepare the ultrathin graphite flakes by repeatedly
pulling scotch tape off the highly oriented pyrolytic graphite. This technique is similar
to that used in the previous works [64, 42]. The tape used in our experiment (Figure
23 (a)) is selected to allow for sufficient infrared light transmission in the frequency
range of interest. Figure 23 (b) shows the Raman spectrum and an optical image of
the graphite flakes.
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The experimental setup is shown in Figure 16. A broadband source (Globar
lamp) is used to generate infrared radiation and a KBr beamsplitter is employed in
the interferometer. The ultrathin graphite flakes together with the tape are mounted
on a sample holder located at the center of the resistive magnet. The magnetic field
can go up to 35 T. The transmission spectra are recorded with a computer.
Figure 23: (a) The Scotch tape used for our ultrathin graphite flakes preparation.
The part number is 34-8702-3430-8. (b) Raman spectrum of ultrathin graphite flakes.
Typical G peak and D’ peak are evidenced. Inset: Optical image of ultrathin graphite
flakes.
3.2.2 Results and Analysis
Graphite has proven to be an interesting system to study EPC [62, 65]. It has a
peculiar (optical) phonon dispersion relation [66], with the Raman-active E2g phonon
and infrared-active E1u phonon degenerated at the Γ point and the A
′
1 phonon located
at the K point. These optical phonon modes strongly interact with charge carriers,
which set the ultimate limit to high-field ballistic transport [67] and give rise to
anomalies in Raman [55] and photoemission spectra [68].
Figure 24 shows the transmission spectrum of the tape used in our experiment.
As we can see, this tape is quite transparent except a few absorption dips. More
than 80% of the infrared light will pass the tape, especially for the light of the same
frequencies as those of the K-point and Γ-point optical phonons in graphite. In
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addition, the transmission spectra of the tape has little dependence on magnetic field
which is good for our infrared magneto-spectroscopy measurement.
Figure 24: Infrared transmission spectrum of the Scotch tape used in the experiment
at zero magnetic field.
Figure 25 shows the raw transmission spectra of the ultrathin graphite flakes on
the tape substrate which are quite different from that of the tape because of the
additional absorption of graphite flakes. One spectrum is measured at zero magnetic
field while the other one is taken at B = 20 T. The difference between two spectra is
due to the magnetic field effect. We divide the spectra measured at different magnetic
fields T (B) by the zero-field spectrum T (0) and get the relative transmission spectra
of graphite T (B)/T (0) as shown in Figure 26.
As we can see, four distinct inter-Landau-level transitions (cyclotron resonance,
CR) can be identified (using Nakao notation [69]): K point: (LL− 1)→e1, K point:
h1→e2, H point: -1→0, and H point: -2(-1)→1(2). At the K point of the graphite
Brillouin zone, as we discussed in the section 1.2.2, the Landau energies can be well
approximated by the effective bilayer graphene model with the interlayer coupling γ1
doubled. Using Eq. 37, we can calculate the energies of Landau levels LL − 1, h1,
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Figure 25: The raw spectra of ultrathin graphite flakes on the Scotch tape.
e1, and e2. Then, the transition energies (LL − 1) → e1 and h1→ e2 are obtained
as shown in Figure 26 (dashed red line and dashed orange line). The CR energies at
the K point are linear with respect to magnetic field B. The parameters we use here
are γ1 = 0.6 eV, vF = 0.91× 106 m/s for transition h1→ e2, and vF = 1.14× 106 m/s
for transition LL− 1→ e1.
The carriers at the H point behave like massless Dirac fermions in monolayer
graphene [2, 64, 70]. The CR energy scales with
√
B as indicated in Eq. 31. Therefore,








where Fermi velocity vF = 1.02 × 106 m/s [71]. In Figure 26, the dashed green line
represents the best fit. The dashed yellow line guides the transition H : n = −1→ 0.




1). Experimentally, we find that
the energy dispersion fails to follow
√
B dependence rigorously due to the electron-
phonon coupling. We will focus on this CR in discussion below.
The cyclotron resonance (H : n = −1 → 0) can be tuned via magnetic field.
When the CR energy is not comparable with the phonon energy at relatively low
34
Figure 26: The relative transmission spectra of ultrathin graphite flakes on Scotch
tape at different magnetic fields. The spectra are vertically shifted for clarity. The
dashed red, orange, and green lines represent the best fits to the transitions, while
the dashed yellow line guides the evolution of the transition H : n = −1 → 0 as
a function magnetic field. Two vertical dashed lines indicate the relevant phonon
energies.
or quite high magnetic field, it can be predicted by Eq. 31 and the CR absorption







(ω − ωc)2 + (12Γ)2
, (47)
where ωc is the CR energy, Γ is the linewidth (full width at half maximum, FWHM),
and A corresponds to the spectral weight. A representative fit to the spectrum at 34
T is shown in Figure 27. However, when the CR energy approaches the energy of
K−A′1 phonons with decreasing the magnetic field, they become to strongly interact
with each other. As a result, the CR splits into two modes. This phenomenon is
known as “anti-crossing”. In such a case, we introduce a two-Lorentzian model to
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(ω − ω−)2 + (12Γ−)2
, (48)
where “+” (“-”) corresponds to the higher (lower) mode. The relative transmission
spectra T (B)/T (0) at 10 T and 19 T as well as the corresponding fits are presented
in Figure 27. As we can see, during the anti-crossing, the spectral weight of the lower
branch gradually transfers to the upper branch with increasing magnetic field.
Figure 27: The relative transmission spectra T (B)/T (0) of ultrathin graphite flakes
on Scotch tape at selected magnetic fields. The spectra are vertically shifted for
clarity. The green lines show the lower branch fitting, and the cyan lines represent
the higher branch fitting. The red lines represent the fits using the two-Lorentzian
model described by Eq. 48. At a high magnetic field (34 T), a single Lorentzian
model is used to fit the spectrum.
Following this method, we fit all the relative transmission spectra and plot the
fitting parameters as a function of B. Figure 28 (a) shows the extracted CR energies
and Figure 28 (b) shows the linewidth at different magnetic fields. As we discussed
in section 3.1, the EPC can be described by a standard two-coupled-mode model
[57, 58, 61, 72]. Thus, we can rewrite Eq. 22 in a more conventional way as [58]








)2 + g2, (49)
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where “+”(“-”) stands for the higher (lower) branch. ẼK = EK − iγK , ω̃c = ωc− iγc,
γK is the linewidth of the unperturbed phonon mode, γc is the linewidth of the CR,
and g is the coupling parameter. Conventionally, a dimensionless parameter λ is
often used to measure the strength of the electron-phonon coupling and the relation






where ~ωB = vF
√
2e~B is the magnetic energy and vF is the Fermi velocity of carriers
at the H point in graphite. In Figure 28 (a), the solid black lines represent the best
fit to the data using Eq. 49. Here, vF = (1.04±0.01)×106 m/s, EK = 1329±9cm−1,
and λK = (5.2 ± 0.9) × 10−2 are obtained from the fit. We neglect γK in Eq. 49,
because it is much smaller than γc (γK  γc). In Figure 28 (b), we first fit the γc with
an empirical formula γc = 6.0×B without considering the electron-phonon coupling.
This magnetic field dependence of linewidth is likely due to the linear-in-B scattering
rate of the charge carriers in the n = 0 Landau level [73].
In Figure 26, there is another small spectral feature around 1581cm−1 when B >
16T. This feature is due to the interaction between the CR and the Γ− E1u phonon
leading to the magnetophonon resonance. The asymmetric lineshape reminds of the
Fano resonance and it can be explained well by the Fano formula [74]. In our case,
the asymmetric Fano resonance lineshape is due to the quantum interference between
the continuum state of CR and the discrete state of Γ − E1u phonon. Our result is
also consistent with that reported in the bilayer graphene [75]. We fit the Fano-like
feature after removing the CR background, following the Fano formula in Reference
[76],
T (E) = −A0
γ






. A0 is a constant for a given magnetic field, Eph is the phonon
energy, γ is the linewidth, and q is the dimensionless Fano parameter characterizing
the asymmetric lineshape. When |q|  1, the spectra exhibit a peak. While |q| ≈ 1, it
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Figure 28: The extracted CR energies and linewidth from the results of the fits to
the relative transmission spectra of graphite. (a) CR energy is plotted as a function of
magnetic field. The solid lines show the best fits using Eq. 49. The fitting parameters
are also presented. (b) Linewidth versus magnetic field. The solid line represents the
best linear-in-B fit.
exhibits a dispersive lineshape. If |q|  1, it shows a dip. Figure 29 shows the relative
transmission spectra T (B)/T (0) of graphite around 1580cm−1. Three spectra (solid
blue lines) at selective magnetic fields are showed with the corresponding fits (solid red
lines). As we can see, the feature is developing from an anti-resonance peak (enhanced
transmission) to a resonance dip(absorption) with increasing magnetic field. At low
magnetic field, the system is in the electron-dominant regime giving rise to enhanced
transmission. While at high magnetic field, the system is in the phonon-dominant
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regime leading to the absorption.
Figure 29: Relative transmission spectra T (B)/T (0) of graphite around 1580cm−1
without CR background. The solid red lines represent the best fits using Eq. 51. The
asymmetric lineshape develops from a peak to a dip with increasing magnetic field.
Figure 30 (a) shows the extracted phonon energy Eph as a function of magnetic
field and Figure 30 (b) shows the extracted linewidth. Still, we can perform a quanti-
tative analysis in terms of electron-phonon coupling using Eq. 49 after replacing EK
(γK) with EΓ (γΓ). It turns out that both Eph and linewidth can be described well
in this case. EΓ = 1581cm
−1, γΓ = 4.0cm−1, and λΓ = 0.0072 result in the best fits
as shown in Figure 30 (solid black lines). Here, λΓ = 0.0072 is an order of magnitude
smaller than λK = 0.052. As λ characterizes the electron-phonon coupling, weak
electron-phonon coupling (small λ) will give rise to continuous changing in the mag-
netophonon resonance energy while strong electron-phonon coupling will result in the
“anti-crossing” phenomenon. The Fano parameter q and A0 are shown in Figure 31.
At low magnetic field, |q| < 1 corresponds to an anti-resonance peak in the spectra.
At high magnetic field, |q| > 1 and the spectra exhibit a resonance dip. Basically,
|q| increases when the CR energy approaches, crosses, and passes the phonon energy
with increasing magnetic field. The fitting parameter A0 quickly increases at the
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Figure 30: The extracted Eph energy and linewidth from the Fano fits. (a) Eph
is plotted as a function of magnetic field. (b) Linewidth versus magnetic field with
fitting (solid black line) using Eq. 49. The solid black lines represent the best fit
using Eq. 49. The fitting parameters are also presented.
resonance of the phonon energy and then decreases with increasing magnetic field.
This result is consistent with the charge-phonon theory [77].
3.3 Conclusion
We performed the infrared spectroscopy measurement of ultrathin graphite flakes in
magnetic field up to 35 T. Four distinct inter-Landau-level transitions are observed.
Two of them are associated to the carriers at the K point of graphite Brillouin zone
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Figure 31: Fitting parameters q and A0 as a function of magnetic field.
and they scale with magnetic field B similar to that of bilayer graphene. The other
two transitions occur at the H point with
√
B dependence. The carriers at the H
point behave like massless Dirac fermions in monolayer graphene. The cyclotron
resonance energy ωc corresponding to the inter-Landau-level transition H : −1 → 0
crosses two phonon modes K − A′1 and Γ − E1u via tuning magnetic field. The
interaction between the cyclotron resonance and the phonon K − A′1 is relatively
strong giving rise to the anti-crossing phenomenon and the feature in the spectra
can be well described using a two-Lorentzian model. The electron-phonon coupling
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around the phonon mode Γ−E1u is weak resulting in the magnetophonon resonance.
The asymmetric Fano-like lineshape in the spectra can be well fit using the Fano
formula. We demonstrate that both of the electron-phonon couplings can be tuned
by varying the magnetic field. Although the two couplings behave quite differently,
both of them can be successfully analyzed using a standard two-coupled-mode model.
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CHAPTER IV




Epitaxial graphene is obtained by annealing silicon carbide (SiC) at high temperature.
In this process, silicon sublimes from the surface and the carbon layer transforms
to graphene. High-quality epitaxial graphene can be produced by a confinement
controlled sublimation (CCS) method developed by Prof. Walter A. de Heer’s group
at Georgia Tech [78]. Such graphene exhibits all the transport properties of isolated
graphene including Shubnikov−de Haas (SdH) oscillations with a Berry phase shift of
π [79], weak antilocalization [80], the half integer quantum Hall effect [81], and highly
efficient spin transport [82]. Figure 32 shows a direct measurement of quantized
Landau levels in epitaxial graphene via scanning tunneling spectroscopy [7]. The
characteristic n = 0 Landau level state is observed as well as the square root field
dependence of Landau level energies.
Compared to exfoliated graphene, epitaxial graphene plays a pivotal role in the
development of graphene-based large scale integrated electronics [78, 83, 84, 85, 86].
For example, Figure 33 shows an array of epitaxial graphene transistors on SiC sub-
strate [8]. Epitaxial graphene can be grown on a wafer scale and patterned using
the standard lithographic technique. It has many attractive properties for next-
generation nanometer-scale electronics such as high mobility [79, 81], ballistic and
coherent conduction [87], and high maximum current density.
43
Figure 32: (A) Blue data points show the Landau levels in the tunneling differential
conductance spectra versus sample bias in multilayer epitaxial graphene at B = 5 T.
The red line shows the best fit. (Inset) Landau level peak position versus the square
root of Landau level index and magnetic field. (B) Landau level spectra at various
magnetic fields. (C) Landau level energies at different magnetic fields (1 T to 8 T) as
a function of the square root of Landau level index and magnetic field. The linear fit
(solid line) yields a Fermi velocity of vF = 1.128± 0.004× 106 m/s. Reprinted from
Ref. [7].
Figure 33: Optical image of epitaxial graphene transistors on SiC substrate. Reprint-
ed from Ref. [8].
4.1.2 Infrared Magneto-spectroscopy of Epitaxial Graphene
Epitaxial graphene grown on SiC is suited for infrared magneto-spectroscopy studies
due to the large graphene coverage on the wafer and the transparency of SiC in the
infrared spectral range. Ever since its successful growth, many infrared measurements
have been performed revealing unique properties of epitaxial graphene [2, 37, 38, 88,
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89, 90].
4.1.2.1 Multilayer graphene on C-face
Multilayer graphene can be grown epitaxially on the carbon terminated face of single
crystal silicon carbide [83]. The first 1-2 layers are electron doped due to the built-
in electric field leading to charge transfer from the substrate to graphene, and the
other layers are essentially undoped [91]. Multilayer epitaxial graphene also exhibits
a unique crystal structure. The graphene layers are typically rotated by angles other
than the 60 ◦ rotation of graphite. This unusual stacking makes the top graphene
layers electronically decouple from each other which has been predicted theoretically
[92, 93] and proven in experiments [2, 7, 9, 38]. The electronically isolated graphene
sheets show a set of nearly independent linearly dispersing bands (Dirac cones) at the
graphene K point in the angle-resolved photoemission spectrum (ARPES) (shown in
Figure 34) [9]. Each Dirac cone corresponds to an individual graphene sheet.
Figure 34: Band structure of an 11-layer epitaxial graphene on C-face measured by
ARPES. Two linear Dirac cones are visible. Reprinted from Ref. [9].
Figure 35 shows the relative transmission spectra (solid black lines) of multilayer
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epitaxial graphene grown on the C-face of SiC. The thickness of graphene is approx-
imately 100 Å corresponding to about 30 graphene layers. A typical cyclotron reso-
nance absorption lineshape is observed, which relates to the inter-Landau-level tran-
sition LL−1(0) → LL0(1). Note that the two transitions LL−1 → LL0 and LL0 → LL1
are indistinguishable because the incident infrared light is unpolarized. The resonance






4(ω − ωc)2 + γ2
, (52)
where a depends on the weight of the spectra, γ is the linewidth, and ωc is the CR
energy (LL−1(0) → LL0(1)).
Figure 35: Relative transmission spectra of 30-layer epitaxial graphene grown on the
C-face of SiC (solid black lines). Solid red lines represent the best fits using Eq. 52.
Spectra are vertically shifted for clarity.
The extracted CR energy ωc is plotted as a function of
√
B in Figure 36. The
Landau level energy of quasineutral graphene has
√





where vF is the Fermi velocity and n is the Landau level index. Therefore, ωc of the
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The solid red line in Figure 36 shows the best linear fit to the CR energy using Eq.
54. The result of the fit gives a Fermi velocity of vF = (1.02± 0.01)× 106 m/s, which
agrees well with that reported in other works [2, 21, 33, 37].
Figure 36: CR energy plotted as a function of
√
B. The solid red line represents the
best linear fit using Eq. 54; vF = (1.02± 0.01)× 106 m/s is obtained.
The linewidth γ is shown in Figure 37. Similar to the evolution of the CR energy
with magnetic field, γ increases almost linearly with
√
B as well. Note that this
behavior at low energy range is different from that of holes at high energy regime
in graphite sample. The electron-hole asymmetry will cause a linear B dependence
of linewidth [39], which can not describe the data in our case. Shon and Ando [94]
proposed that the
√
B dependence of the linewidth is caused by the short- and long-
range scatters. The short-range scatters will give rise to the same broadening of all
Landau levels, while the long-range scatters will broaden Landau level n = 0 by a
factor of
√
2 more than other Landau levels. Since only one transition is observed
in our measurement, we can not justify which kind of scatters play a part in the
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sample. In Ref [38], the authors observed no enhanced linewidth of LL−1(0) → LL0(1)
transition compared to other transitions. They concluded that short-range scatters
were dominant in that case.
Figure 37: Linewidth of the CR plotted as a function of
√
B.
Next, we will discuss the spectral weight A of the absorption dip which is obtained







4(ω − ωc)2 + γ2
dω. (55)
Figure 38 shows A as a function of
√
B. The relative transmission of two-dimensional
conducting electrons for unpolarized light can be written as [95, 96]








where σxx(ω,B) is the optical conductivity, ε0 is the vacuum permittivity, c is the
speed of light in vacuum, and κ = 2.6 for SiC [38]. The optical conductivity is given








Em,n − (~ω + iγ)
, (57)
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where Em,n are the transition energies LLm → LLn, GB = (eB)/h is the Landau level




are the selection rules with p = 2 for m or n = 0 and 4 otherwise. Therefore, the
integrated transmission for the transition between the completely full LL0 and the














where E1 = vF
√
2e~B is the magnetic energy. Eq. 58 gives a rough estimate of the
intensity of the transition LL0 → LL1. In Figure 38, the solid red line represents the
linear fit using Eq. 58. A Fermi velocity of vF = 1.93× 106 m/s is obtained which is
slightly higher but still reasonable.
Figure 38: Spectral weight A plotted as a function of
√
B. The solid red line
represents the best linear fit to all the data points using Eq. 58. vF = 1.93× 106 m/s
is obtained.
Besides this, other basic information about the graphene can be obtained from the
inter-Landau-level transitions. The observed transition LL0 → LL1 can help estimate
the Fermi level of multilayer epitaxial graphene. The higher bound of the Fermi level
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is equal to n = 1 Landau level energy. According to Eq. 53,
EF ≤ E1 = vF
√
2e~Blowest, (59)
where Blowest is the lowest magnetic field at which the transition LL0 → LL1 can
be observed. In our case, Blowest = 0.2 T, which gives an estimated Fermi level
of EF ≤ 17 meV with vF = 1.02 × 106 m/s. The Fermi level is slightly above the
Dirac point indicating that multilayer epitaxial graphene is quasineutral. The carrier
density ns can be obtained by the following equation. In graphene [13],
EF = ~vFkF ,
k2F = 2πns.
(60)








In our case, EF = 17 meV yields ns = 2.1× 1010 cm−2.
The carrier scattering time τ can be estimated from the linewidth of the CR.





where γ is the linewidth. In our work, the scattering time τ ∼ 264 fs is obtained at
low magnetic field (γ ≈ 5.1 meV) and decreases with increasing magnetic field. At
B = 3.5T, γ ≈ 13.7 meV and the scattering time τ ∼ 96 fs. τ ∼ 100 fs is reported
for suspended graphene with carrier densities ∼ 1010cm−2 [100, 101]. τ ∼ 200 fs is
reported for exfoliated graphene on Si/SiO2 substrate at densities around 10
12 cm−2
and τ decreases with decreasing carrier density [102].
The semiclassical condition,
ωcτ > 1, (63)





' 38 fs, (64)
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which is in agreement with the previous result based on the linewidth. The condition
ωcτ > 1 can be rewritten as µB > 1, where µ is the mobility. Then we can get an
estimation of the lower bound for mobility µ > 1/Blowest = 5× 104 cm2/(V · s).







where EF is the Fermi level and D(EF ) = gsgv
|EF |
2π~2v2F
is the density of states with








Here, σ ≈ 13e2/h with EF = 17 meV and τ = 264 fs.
4.1.2.2 Epitaxial graphene on Si-face
It is known that graphene grown on the Si-face and on the C-face are different.
Graphene on Si-face usually has few layers or even only one layer [105]. Due to the
charge transfer from SiC, graphene on Si-face is usually highly doped [106]. The sys-
tem is in the quasiclassical regime. The relative transmission spectra of graphene on
a Si-face show a very much different lineshape. Instead of a Lorentzian-like resonance
dip, the spectrum has a wide absorption minimum at relatively low energies as shown
in Figure 39. In the classical theory for cyclotron resonance, the optical conductivity
is written as [37]
σ± = σ0
iγ
ω ± ωc + iγ
, (67)
where “+” (“-”) stands for the CR inactive (active) polarization mode of the infrared
light. In the zero magnetic field, ωc = 0. Then, Eq. 67 describes the Drude model.
σ0 is the zero-field DC conductivity and γ is an introduced parameter accounting for
the damping. In a simple approximation, the sample can be considered as though
the graphene layer were infinitely thin and located between the vacuum and the SiC
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Figure 39: Relative transmission spectra of epitaxial graphene on Si-face of SiC. The
spectra are vertically shifted for clarity. The red solid lines represent the best fits.
substrate with refractive index n ' 2.6. The transmission of unpolarized infrared



















where ε0 is the vacuum permittivity and c is the speed of light. Note that Eq. 68 has
already been simplified by averaging out the thickness of the slab. Then the relative









The solid red lines in Figure 39 show the best fits which describe the spectra quite
well. Zero-field σ0 = 2.5 × 10−3Ω−1 and γ0 = 12 meV are found to lead to the best
fit. The other parameters σB, γB, and ωc are obtained at a given magnetic field.
Figure 40 shows the CR energy as a function of magnetic field. The CR energy of









where m∗ is the effective mass of carriers. A linear fit to the CR energy (solid red
line in Figure 40) yields m∗ = 0.065m0, where m0 is the the mass of an electron.
According to the Einstein relation EF = mv
2
F , the Fermi level of graphene on Si-face
is EF = 387 meV with Fermi velocity vF = 1.02× 106 m/s [37, 106, 108]. The Fermi
level is far away from the Dirac point. The carrier density of ns ' 1.0 × 1013 cm−2
indicates that the system is highly doped. In the classical regime, massless Dirac
fermions behave like massive particles and the mass is determined by the Fermi level.
Figure 40: CR energies plotted as a function of magnetic field. Effective mass of
m∗ = 0.065m0 is extracted from the linear fit (solid red line).
The linear-in-B dependence of CR can be interpreted as the intraband transitions.
Consider that the Fermi level is located in the conduction band. At a given magnetic
field, the spacing between adjacent Landau levels is quite small near the Fermi level
for highly doped graphene. The Fermi level can be estimated by the expression as






where En is the nth Landau level energy and E1 is the magnetic energy. The Fermi
level is between the nth Landau level and the (n + 1)th Landau level. n is a large
number for highly doped graphene. The intraband transition energy is given by




































Figure 41 shows the extracted parameters σB (panel (a)) and γB (panel (b)) from the
fits to relative transmission spectra. σB decreases slightly with increasing magnetic
field while γB remains constant to some extent. Zero-field σ0 = 2.5 × 10−3Ω−1 and
γ0 = 12 meV are used to ensure the best fit. In addition, these two parameters








4.1.3 Plasmons in graphene structures
Plasmons result from the collective oscillations of electrons. They have a profound
impact on the properties of materials, especially on their interaction with electromag-
netic radiation. They play a fundamental role in the research on optical materials.
The theory for collective description of electrons in condensed matters was first es-
tablished in the early 1950s [109, 110]. Experimentally, they were further developed
in the 1980s and 1990s [10, 11, 111].
Figure 42 shows the observation of plasmon resonance in the disk array of selec-
tively doped GaAs/AlGaAs heterostructures containing 2-dimensional electron gas.
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Figure 41: (a) σB decreases slightly with increasing magnetic field. (b) γB remains
constant to some extent.






where ns, e, and m
∗ are the 2D electron density, charge, and effective mass, re-
spectively. a is the disk radius. ε0 and ε1 are dielectric constants of vacuum and
GaAs in which the heterostructures are imbedded. Note that the plasmon frequency
ωp ∝
√
ns. With an external magnetic field perpendicular to the sample surface, the









where “+” (“-”) corresponds to the higher (lower) mode and ωc = (eB)/m
∗ is the
cyclotron resonance energy.
Unlike plasmons confined in disks, the plasmon energy of conventional 2-dimensional






where q = (2n + 1)π/w (n = 1, 2, ...) is the quantized wave vector. w is the width
of the ribbon. In the magnetic field, there is only one hybrid mode, the resonance
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Figure 42: Top panel: disk array of selectively doped GaAs/AlGaAs heterostructures
on GaAs substrate containing the two-dimensional electron gas. The bottom panel:
sheet conductance of array as a function of frequency. Magnetic field is perpendic-
ular to the surface. Reprinted with permission from [10]. Copyright (1983) by the
American Physical Society 1.
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Figure 43 shows the relative transmission spectra of a doped AlGaAs/GaAs ribbon
array, in the case that the electric field of the infrared radiation is perpendicular to
the ribbon. The plasmon resonance is observed. When the radiation is polarized
parallel to the ribbon, q = π/w approaches zero and no resonance is observed.
Figure 43: (a) Schematics of ribbon array. (b) Relative transmission spectra of ribbon
array. The solid lines show the spectra when the light polarization is perpendicular
to the ribbon. The dashed lines show the spectra when the light polarization is
parallel to the ribbon. Reprinted with permission from [11]. Copyright (1988) by the
American Physical Society 1.
As we can see, plasmons of a normal 2DEG in disks and ribbons behave quite
differently in a magnetic field. Assume that the carriers with cyclotron mass mc are
1Readers may view, browse, and/or download material for temporary copying purposes only,
provided these uses are for noncommercial personal purposes. Except as provided by law, this
material may not be further reproduced, distributed, transmitted, modified, adapted, performed,
displayed, published, or sold in whole or part, without prior written permission from the American
Physical Society.
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confined by a parabolic potential:








where ωx (ωy) is the plasmon frequency in the x (y) direction at zero magnetic field. In
the case that the plasmon confined in disks is excited by unpolarized light, ωx = ωy =
ωp. The collective excitation of N charged particles with mass mc and charge e can be
simulated as that of a single particle with mass Nmc and charge Ne [116, 117, 118].
Therefore, the dynamic conductivity of collective particles can be calculated based
on a single particle theory. The motion of a single particle in the magnetic field B
driven by the electric field E(t) = E0e










where Γx (Γy) is the scattering rate. Here, we assume the electric field is along the x
direction. Let
x = x0e
−iωt, y = y0e
−iωt, (82)
then Eq. 81 can be rewritten as
−mcω2x0 − iωmcΓxx0 +mcω2xx0 = eE0 − iωeBy0,
−mcω2y0 − iωmcΓyy0 +mcω2yy0 = iωeBx0.
(83)
With ωc = eB/mc, Eq. 83 can be further simplified to




(−ω2 − iωΓy + ω2y)y0 = iωωcx0.
(84)




−ω2 − iωΓy + ω2y
(−ω2 − iωΓx + ω2x)(−ω2 − iωΓy + ω2y)− ω2ω2c
. (85)
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The current density j(ω) is given by
j(ω) = j0e
−iωt = neẋ = nex0(−iω)e−iωt. (86)
Thus,
j0 = nex0(−iω). (87)













−ω2 − iωΓy + ω2y
(−ω2 − iωΓx + ω2x)(−ω2 − iωΓy + ω2y)− ω2ω2c
.
(88)
In the disks, the plasmons can be excited by unpolarized light. Therefore, we can




−iω(−ω2 − iωΓ + ω2p)
(−ω2 − iωΓ + ω2p)2 − ω2ω2c
. (89)






(ω2 − ωωc − ω2p)2 + ω2Γ2
+
ω2Γ
(ω2 + ωωc − ω2p)2 + ω2Γ2
]
. (90)
Apparently, the resonance will occur at the frequency ω satisfying the following e-
quation:
ω2 − ωωc − ω2p = 0, or
ω2 + ωωc − ω2p = 0.
(91)
By solving Eq. 91, we obtain the resonance frequencies ω± in Eq. 77. The plasmon
confined in disks splits into two modes. The difference between these two modes
equals to the cyclotron resonance ωc. The full width at half maximum (FWHM)
∆ω± can also be derived from Eq. 90
∆ω± = ω±,1 − ω±,2
= Γ± 2ωcΓ√
4ω2p + (ωc + Γ)
2 +
√








Assume the ribbon is in the y direction. When the light is polarized in the x






(−ω2 − iωΓ + ω2p) + ω2c
. (93)
And the real part of σ(ω) is given by
Re(σ) =
ω2Γ
(ω2 − ω2c − ω2p)2 + ω2Γ2
. (94)
Therefore, the plasmon confined in the ribbons has only one mode in the magnetic





In recent years, plasmonics has attracted a great deal of attention. It could give
rise to a large amount of exciting and novel phenomena. It is one of the most promis-
ing pathways to realize the nanophotonics and holds great potential for applications.
However, the enormous loss in the conventional plasmonic materials restricts its de-
velopment. This problem was always a hindrance to the researcher until the successful
isolation of graphene. Plasmons in graphene are tunable via changing the carrier den-
sity by applying a gate voltage or via changing the dimension of graphene structures.
The loss can be quite low because of its extremely high mobility. The optical con-
finement can be very high making it possible to control light at scales smaller than
the wavelength. All of the superiorities make graphene one of the most promising
candidates for plasmonic applications.
Theoretically, the plasmon mode ωp can be obtained from the zeros of the dielec-
tric function. We assume each electron in the graphene moves in the external field as
well as the induced field of all electrons. This model is known as random-phase ap-
proximation (RPA) and it is used to calculate the famous Lindhard dielectric function
for a three-dimensional [119] and two-dimensional electron gas [120].
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In the RPA model, the polarizability is given by [120]
∏





ω + εsk − εs′k′ + iη
Fss′(k, k
′), (95)
where k′ = k + q. s = 1 (s′ = −1) indicates the conduction (valence) band.
Fss′(k, k
′) = (1 + ss′ cos θ)/2 is the overlap of states, where θ is the angle between k
and k′. fsk =
1
eβ(εsk−µ)+1
is the Fermi distribution function. β = 1/(kBT ) and µ is the
chemical potential. gs = gv = 2 are the spin and valley degeneracies. εsk = ~vF |k| is
the corresponding energy of graphene. L2 is the normalization area. After summing
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fk′−(1− cos θkk′)

















], ω < vF q
(98)
where D0 = (gsgvn/π)
1/2/vF is the density of states at the Fermi energy. n is the
carrier density. EF = ~vFkF is the Fermi level. The dielectric function can be written
as




where vc(q) = 2πe
2/(qε) with ε = (ε0 + ε1)/2. ε0 is the permittivity of the free space
and ε1 is the permittivity of the substrate. By solving the equation χ(q, ω) = 0, the





q, q → 0. (100)
The plasmon frequency ωp has the same dispersion
√
q as that of the conventional
two-dimensional electron gas [121]. In graphene, the Fermi level EF is given as









EF ∝ n1/4 compared with the classical two-dimensional plasmon
behavior, where ωp ∝
√
n. This result is a direct consequence of the quantum relativis-
tic nature of graphene and it is a signature of massless Dirac fermions [122, 123, 124].
The first experimental study of plasmons in graphene is reported by the group led
by Prof. Feng Wang at UC Berkeley [12]. They performed Fourier transform infrared
spectroscopy measurements on micro-ribbon arrays made out of CVD graphene and
were able to tune the plasmon frequency via changing the carrier density or varying
the width of the ribbon as shown in Figure 44.
The magnitude of the plasmon resonance in single layer graphene is relatively
weak, limiting its applications [125]. A group from IBM [126] has demonstrated
transparent photonic devices based on graphene/insulator stacks. They show that the
plasmon resonance magnitude and frequency can be enhanced by doping multilayer
epitaxial graphene effectively. Their research on such graphene/insulator stacks may
lead to further development of plasmonic devices. Besides graphene ribbons [12, 127,
128] and disks [126, 129, 130], other structures such as rings [131] and hexagons [132]
are also explored. What’s more, magnetoplasmons in graphene disks [133] and in
monolayer graphene grown on SiC [134] have been studied as well.
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Figure 44: (a) Relative mid-infrared transmission spectra, T/TCNP , of graphene
ribbon array. TCNP is the transmission spectrum of graphene at charge neutral point
and T is the spectrum at different gate voltage. The plasmon frequency increases with
increasing carrier density. (b) Tune the plasmon energy through the gate voltage.
∆T = T −TCNP . The infrared light was polarized perpendicular to the ribbons. The
dashed lines show the best fit using a damped oscillator model as Im(−ω/(ω2−ω2p +
iωΓp))The inset shows the spectra when the infrared light was polarized parallel to
the ribbons. The Drude absorption was observed. (c) AFM images of samples. The
widths of ribbons are 1µm, 2µm, and 4µm, respectively. (d) The plasmon frequency
varies in graphene ribbons of different width. Reprinted from Ref. [12].
The common ground with all these studies is that the graphene is in the quasiclas-
sical regime. The carriers in highly doped graphene are more like massive particles
and the behavior of plasmons is governed by classical law as we discussed above.
The very unique features of quasineutral graphene arising from the massless Dirac
fermions are not presented. We performed an infrared magneto-spectroscopy study
of graphene ribbon arrays fabricated out of undoped multilayer epitaxial graphene
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in the quantum regime. We succeeded in demonstrating the collective excitations of
massless Dirac fermions and observed distinct deviations from the inter-Landau-level
transition in magnetic field resulting from massless carriers in quasineutral graphene
[135].
4.2 Experiments and Discussions
4.2.1 Experimental Method
The graphene nanoribbon (GNR) arrays are made out of the multilayer graphene
epitaxially grown on the C-face of SiC. As we discuss in Section 4.1.2.1, the first
few graphene layers at the graphene-SiC interface are highly doped due to charge
transfer from SiC, while the subsequent layers are undoped and electronically isolated
[2, 9, 38, 91]. The graphene ribbons are fabricated by the method described in Section
2.2. The length of ribbons is 400µm and the widths are 50 nm, 100 nm, and 200 nm,
respectively (Figure 45). The width-to-gap ratio w/d of graphene ribbon array is kept
1 : 1. w is the width of GNR and d is the gap between adjacent ribbons. Each array
is 400µm × 400µm. On each substrate, there are four identical arrays consisting of
ribbons of the same width and the spacing between the arrays is 100µm (Figure 45
(a)).
The experimental setup is similar to that shown in Figure 16. A superconducting
magnet is used. The magnetic field is normal to the surface of the sample. The
infrared transmission measurement is performed via a commercial Fourier transform
infrared spectrometer (Bruker IFS 113v). The infrared light is generated by a mercury
lamp. In order to reduce the amount of stray infrared light, an aperture ∼ 1mm2 is
placed on the substrate. For the measurement with polarized infrared light, a polarizer
is placed between the cone and the sample to polarize the infrared light. The electric
field E of the light is either parallel to the ribbon (E ‖ y) or perpendicular to the
ribbon (E ‖ x) as shown in Figure 46.
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Figure 45: (a) Schematics of four graphene ribbon arrays on the substrate. (b) AFM
image of 50 nm-wide ribbons. (c) AFM image of 100 nm-wide ribbons. (d) AFM
image of 200 nm-wide ribbons. The bright area shows the ribbons and the black part
is the gap. The scale bar is 0.6µm.
4.2.2 Results and Analysis
First, we study the unpatterned two-dimensional (2D) graphene film as a reference.
The reference sample undergoes all the fabrication processes (coating resist, vacuum
annealing etal.) in order for an accurate comparison. Figure 47 (a) shows the relative
transmission spectra T (B)/T (0) of the reference sample at various magnetic fields.
An obvious cyclotron resonance (CR) absorption dip is observed which corresponds to
the inter-Landau-level transition LL−1(0) → LL0(1). Still, the resonance feature can
be fit using a single Lorentzian model described in Section 4.1.2 (dotted red line). The
CR can be resolved at magnetic field down to 0.2 T indicating that the Fermi level
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Figure 46: The light is polarized before reaching the sample. The polarization is
either parallel or perpendicular to the ribbon direction.
of graphene is EF ≤ 17 meV. The mobility is estimated to be µ > 50 000 cm2V−1s−1
under the classical condition µB > 1. At high magnetic field, there is another CR-like
feature that appears in the low frequency range. This CR probably originates from
the graphene grown on the Si-face of SiC (the back side of the substrate). During the
growth of multilayer epitaxial graphene on the C-face, 1 - 2 graphene layers will be
grown on the Si-face which is confirmed by our Raman spectroscopy measurement.
Figure 47 (b) shows the CR energy extracted from the Lorentzian fit to the relative
transmission spectra. The CR energy exhibits characteristic
√
B dependence. A
linear fit (solid red line) yields the Fermi velocity of vF = (1.02 ± 0.01) × 106 m/s
which agrees with our previous study presented in Section 4.1.2.1 as well as other
reported works[2, 21, 33, 37].
Here, we want to emphasize that the Fermi level EF in our samples is more than
one order of magnitude smaller than that reported in previous works on graphene
plasmons [12, 126, 127, 128, 129, 130, 133, 134]. In addition, the high value of
mobility suggests that multilayer epitaxial graphene is an ideal system for studying
plasmons of massless Dirac fermions.
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Figure 47: (a) Relative transmission spectra of 2D graphene film at different mag-
netic fields. The spectra is vertically shifted for clarity. Inter-Landau-level tran-
sition LL−1(0) → LL0(1) in multilayer epitaxial graphene on C-face is observed as
well as intra-Landau-level transition in graphene on Si-face. The dotted red line
represents the Lorentzian fit to the CR resonance lineshape. (b) The CR energy
(LL−1(0) → LL0(1)) is plotted as a function of
√
B. The red solid line represents the
best linear fit.
In the following discussion, we will focus on the transmission spectra of graphene
nanoribbon arrays. Figure 48 shows the extinct transmission spectra 1−T (GNR)/T (SiC)
of 100nm-wide ribbon at zero magnetic field. The infrared light is polarized parallel
or perpendicular to the ribbon direction. In both cases, no plasmon resonance is
observed. Instead, the spectra show a Drude-like absorption feature probably due to
the graphene grown on the silicon-face (the back side of the substrate). As the carrier
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density ns in the quasineutral graphene is very low (∼ 2.1× 1010 cm−2), the strength
of plasmon resonance in the GNR is probably too weak to be observed.
Figure 48: Extinct transmission spectra 1− T (GNR)/T (SiC) of 100nm-wide GNR
array sample. Solid red line shows the spectrum when the electric field of the light is
parallel to the ribbon direction while solid black line shows the spectrum with E ‖ x.
Inset: AFM image of 100nm-wide ribbons.
In order to probe the plasmon in our quasineutral GNR arrays, we apply a mag-
netic field perpendicular to the sample surface. In such a case, the plasmon ωp will
couple with the CR (LL−1(0) → LL0(1)), forming the upper hybrid mode (UHM) with
energy ωh which disperses as [31, 136, 137]
ωh(q, B) =
√
ω2c (B) + ω
2
p(q), (103)
where q = π/w is the wave vector and w is the width of GNR.
Figure 49 shows the relative transmission spectra T (B)/T (0) of 2D graphene (solid
black line), 100nm-wide GNR array (solid blue line), and 50nm-wide GNR array (solid
red line) at selective magnetic fields. The spectra are measured with unpolarized
infrared light. The inter-Landau-level transition LL−1(0) → LL0(1) is observed in all
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the samples. As we can see, the resonance lineshape of GNR array samples is clearly
blueshifted with respect to that of 2D graphene due to the formation of UHM. The
energy shift is more pronounced at low magnetic field. Because ωp ∝ q1/2 ∝ w−1/2,
the narrower GNR holds plasmon of higher energy. According to Eq. 103, the energy
shift increases with decreasing width of GNR. In addition, the amplitude of UHM
decreases also with the width of GNR. In Figure 49, the spectra of 50nm-wide GNR
and 100nm-wide GNR are scaled by a factor of 30 and 10, respectively. Due to the
reduction, we can not observe UHM in the GNR at very low magnetic field.
Figure 49: Relative transmission spectra T (B)/T (0) of 2D reference sample, 100nm-
wide GNR, and 50nm-wide GNR at selective magnetic fields. The spectra of 100nm-
wide GNR is scaled by a factor of 10 while the spectra of 50nm-wide GNR is multiplied
by 30. The curves are shifted for clarity.
It is predicted that the plasmon energy can interchange between adjacent ribbons,
known as plasmon cross-talk, in dense GNR arrays with w/d > 2 [138, 139]. Figure
50 shows the relative transmission spectra of GNR arrays consisting of 100nm-wide
ribbons with w/d = 2 : 1 and w/d = 1 : 1 at select magnetic fields. The resonance
almost occurs at the same frequency indicating that the plasmon cross-talk effect can
be largely neglected in our study.
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Figure 50: Relative transmission spectra T (B)/T (0) of GNR arrays consisting of
100nm-wide ribbons with w/d = 2 : 1 (solid black line) and w/d = 1 : 1 (solid red
line). The curves are vertically shifted for clarity. The resonance absorption dips
almost coincide with each other, revealing no plasmon cross-talk effect.
The relative transmission spectra of GNR arrays is fitted by a single Lorentzian
model described above and the resonance energy ωh is obtained. Eq. 103 can be
rewritten as
ω2h(q, B) = ω
2
c (B) + ω
2
p(q), (104)
with ωc = vF
√
2e~B. Therefore, ω2h is linear with respect to B with slope 2e~v2F and
non-zero intercept ω2p. We plot ω
2
h as a function of B shown in Figure 51 (a). For
comparison, ω2c of 2D graphene is exhibited as well. Clearly, ω
2
h shows the linear-in-B
dependence and can be described quite well by a linear fit with vF = 1.02× 106 m/s.
The extracted values of ωp are summarized in Table 1. As we can see, even the
plasmon energy of 50nm-wide GNR array is comparable to the CR energy at 0.2 T,
the lowest magnetic field at which the resonance can be observed. Therefore, the
UHM energy is dominated by the contribution from the CR. At high magnetic field,
ωh ≈ ωc. So, the energy shift ωh − ωc we observe in the relative transmission spectra
decreases with increasing magnetic field.
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To better reveal the UHM dispersion, it is instructive to plot ωh in units of vF/lB,
as a function of qlB as shown in Figure 51 (b). lB =
√
~/eB is the magnetic length.
In this way, the CR line collapses on a single point at q = 0 and the dispersion
of UHM is highlighted. The solid lines show the best fits using Eq. 103. In the
low field limit, Eq. 103 becomes insufficient to describe graphene magnetoplsmons
as the UHM approaches the diagonal line ω = vF q, separating regions of interband
and intraband excitations. Contrary to conventional 2DEG, ωp > vF q in quasineutral
graphene is valid for any value of q. The UHM can never enter the intraband particle-
hole continuum defined by frequencies ω < vF q but only the interband regime, where
it is weakly Landau damped and merges into one of the linear magnetoplasmons
[140, 141, 142].
The UHM dispersion relation can also be investigated by considering the UHM
energy shift with respect to the CR energy of 2D graphene. In the limit ωp  ωc,
ωh − ωc can be written as










where we Taylor expand Eq. 103 to the linear order. The Taylor expansion is valid






qlB ≤ αG < 1, (106)
where αG = 2.2/ε is the fine structure constant of graphene. Therefore, Eq. 108 holds

























Figure 51: (a) ω2h (ω
2
c ) plotted as a function of B. The dotted lines show the best
fits using Eq. 104 with vF = 1.02 × 106 m/s. (b) UHM energy ωh in units of vF/lB
plotted as a function of qlb. The CR energy ωc of 2D graphene collapse on a single
point (red circle) at q = 0. The solid lines represent the best fits to the data using Eq.
104. The dashed green line defined by equation E = ~vF q separates the interband
and intraband excitations.
where ε0 is the vacuum permittivity, ε = (εSiC + 1)/2 ≈ 5 is the relative permittivity
of epitaxial graphene. Figure 52 shows the energy shift in units of Coulomb energy as
a function of ql2B. There is a small vertical offset for different GNR arrays which is not
predicted by Eq. 108. The offset is about 1.5% of the CR energy at B = 4T for the
100nm-wide GNR. In our analysis, we consider a simple model using the dispersion
relation of the plasmon mode for 2D graphene (Eq. 100) and replacing the wave
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vector by q = π/w to account for the GNR geometry. This model provides insight
about the dispersion and gives ql2B scaling. Further corrective geometric terms, such
as those discussed in Ref. [138], may give rise to the small offset in the data taken
from GNR arrays with ribbons of different width. Apart from the vertical offset, all
data collapse on a single line as shown in Figure 52 (b). Eq. 108 can fit the data
quite well (dotted line). EF = 17± 2 meV is obtained from the results of the fitting
which is in very good agreement with our estimation from 2D graphene.
Figure 52: Inset: The energy shift in units of Coulomb energy in the GNR array
sample as a function of ql2B. Main panel: Apart form a small offset, the data collapse
on a single line. The dotted line and the solid lines represent the best linear fit with
vF = 1.02× 106 m/s.
The scaling behavior ∝ ql2B is unique to the UHM in graphene in the quantum
regime and can serve as the signature of massless Dirac fermions. In the conventional





















Thus, ql3B scaling is expected. This unique behavior in quasineutral graphene also
helps us exclude other interpretations of our data such as magnetoexcitons [143,
144, 145, 146]. Magnetoexcitons may be understood as inter-Landau-level transitions
acquiring a weak dispersion, as a function of the electron-hole wave vector, due to
the mutual Coulomb interaction. For small values of qlB  1, the magnetoexciton-
induced energy shift scales with qlB which does not match our experimental result as
shown in Figure 52.
Finally, we discuss the polarization-resolved measurements. Figure 53 shows the
relative transmission spectra of 200nm-wide GNR array (a) and 100nm-wide GNR ar-
ray (b) at selective magnetic fields. The spectra are measured using polarized infrared
light. The electric field of the radiation is either parallel (E ‖ y) or perpendicular
(E ‖ x) to the ribbon direction. Because the linear polarizer reduces the intensity of
the infrared light and the CR absorption is weak, we can not observe any resonance
feature in the relative transmission spectra of the 50nm-wide GNR array measured
using the polarized light. The resonance lineshape can be described using a single
Lorentz model (dotted line). For both 200nm-wide and 100nm-wide GNR arrays,
the energy of UHM is higher in E ‖ x polarization than that in E ‖ y polarization.
The FWHM in E ‖ x polarization is much broader compared with that in E ‖ y
polarization.
Similarly, the resonance energy ωh is extracted from the Lorentzian fit to the
relative transmission spectra. ωh in units of vF/lB is plotted as a function of qlB in
Figure 54 (a) and the data can be fitted using Eq. 103 with vF = 1.02 × 106 m/s
(dotted line). The values of ωp from the results of the fit are summarized in Table 1.
In figure 54, the energy shift ωh−ωc in units of Coulomb energy is plotted as a function
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Figure 53: (a) Relative transmission spectra of 200nm-wide GNR array with infrared
light polarized either parallel or perpendicular to the ribbon direction. (b) Relative
transmission spectra of 100nm-wide GNR array with polarized infrared light. The
dotted lines represent the best fits using a single Lorentzian model.
of ql2B. ql
2
B scaling still holds for both polarizations except for the small offset. The
vertical offset is similar to that found in the unpolarized measurement, which indicates
that additional geometric corrections to Eq. 103 depend on the ribbon direction with
respect to the polarization direction. This polarization-dependent behavior of UHM
was not observed in the previously study on quasi-1D quantum wires [11, 147].
75
Figure 54: (a) The energy of UHM in units of vF/lB plotted as a function of qlB.
(b) The energy shift of UHM with respect to the CR energy in 2D graphene versus
ql2B. The dotted lines show the best fits using Eq. 103 with vF = 1.02× 106 m/s.
4.3 Conclusion
In conclusion, we fabricated large-scale GNR arrays out of multilayer epitaxial graphene
grown on the C-face of SiC. We studied the plasmon properties of graphene via Fourier
transform infrared spectroscopy in the magnetic field. Multilayer epitaxial graphene
is quasineutral and each layer behaves like isolated undoped graphene. The carri-
ers exhibit unique properties of massless Dirac fermions in the magnetic field. The
inter-Landau-level transition has characteristic
√
B dependence. The Fermi level of
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Table 1: Plasmon energy ωp extracted from Figure 51 and Figure 54.
Width and thickness: 100nm 100nm 50nm
ωp(cm
−1) 200nm and 72Å and 128Å and 104Å and 61Å
Unpolarized 126 149 143 172
Perpendicular E ‖ x 154 171 ... ...
Parallel E ‖ y 104 133 ... ...
EF ≤ 17 meV is estimated as well as the mobility of µ > 50 000 cm2V−1s−1. Such a
high value of mobility guarantees longer lifetime and much less loss than the conven-
tional plasmonic materials.
Three different GNR arrays are fabricated consisting of ribbons with widths of
50nm, 100nm, and 200nm, respectively. For the 100nm-wide GNR array, the UHM
energy is within the range from 300 cm−1 to 610 cm−1 in our experiment, correspond-
ing to the wavelength λIR ≈ 16 − 33µm. Thus, λIR/λplasmon ≈ λIR/2w ≈ 80 − 165.
The strong reduction in plasmon wavelength is consistent with the theoretical pre-
diction. The high degree of optical confinement is achieved in our study.
We show that the graphene plasmon can couple with the CR, forming an UHM and
resulting in a blueshift with respect to the CR energy of 2D graphene. The observed
energy shift exhibits a peculiar ql2B scaling, which is one of the distinct properties of
massless Dirac fermions. This signature phenomenon helps us distinguish the plasmon
of quasineutral graphene from that in conventional two-dimensional electron gas and




Graphene has a unique band structure. The conduction band and valence band touch
at the Dirac points making graphene a zero-gap semiconductor. Close to the Dirac
points, graphene has linear energy dispersion with constant Fermi velocity ∼ 106 m/s
and carriers’ behavior is described by the Dirac function for massless Dirac fermions.
In an external magnetic field B, quantized Landau levels of graphene scale with
√
B
and an unusual n = 0 Landau level appears. Graphite consists of graphene layers.
In a magnetic field, carriers at the H point of the graphite Brillouin zone behave like
Dirac fermions due to the effectively vanishing interlayer coupling, while at the K
point of the graphite Brillouin zone, Landau levels scale with B in the low energy
range.
The first part of the thesis relates to the infrared magneto-spectroscopy study of
ultrathin graphite flakes. Within the measured frequency range, four distinct inter-
Landau-Level transitions are observed arising from the carriers at the H point and the
K point of the graphite Brillouin zone. Our interest is focused on the electron-phonon
coupling. The CR of Dirac-like carriers corresponding to the Landau-level transition
H : n = −1→ 0 can be tuned via magnetic field. The CR will interact with phonons
(K − A′1 phonon or Γ − E1u phonon) when the CR energy is close to the phonon
energy. The coupling between the CR and the K − A′1 phonon is strong leading to
the “anti-crossing” phenomenon. With increasing magnetic field, the weight of the
lower branch will transfer gradually to the upper branch. The interaction between the
CR and Γ−E1u phonon is relatively weak with the coupling parameter λ one order of
magnitude smaller. The weak coupling gives rise to magnetophonon resonance which
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exhibits an asymmetry lineshape in the relative transmission spectra. The Fano-
like feature evolves from an anti-resonance peak to a resonance dip with increasing
magnetic field and can be described well by the Fano formula. Both of the EPC’s can
be explained by a standard two-coupled-mode model.
The second part of this thesis explores the magnetoplasmons in quasineutral mul-
tilayer epitaxial graphene nanoribbon arrays via infrared spectroscopy. Multilayer
graphene is in the quantum regime with high mobility of µ > 50 000 cm2/(V · s). We
fabricated large-scale GNR arrays with various widths (50 nm, 100 nm, and 200 nm).
The plasmon energy ωp ∝ n1/4 in graphene compared to ωp ∝ n1/2 in a conventional
two-dimensional electron gas, which is a signature of massless Dirac fermions. In
magnetic field, the plasmon will couple with the CR forming the upper-hybrid mode
and resulting in a blueshift with respect to the energy of the CR. The energy shift
exhibits a characteristic ql2B scaling while ql
3
B scaling is expected in a conventional
two-dimensional electron gas. We demonstrate that the graphene plasmon has long
lifetime with a high degree of optical confinement (80-165 for 100nm-wide ribbon-
s). It can also be tuned via varying the width of ribbons or magnetic field. These
advantages make graphene a promising candidate material for plasmonic applications.
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